We report on an experimental study of the Lipkin-Meshkov-Glick model of quantum spins interacting at infinite range in a transverse magnetic field, which exhibits a ferromagnetic phase transition in the thermodynamic limit. We use Dysprosium atoms of electronic spin J = 8, subjected to a quadratic Zeeman light shift, to simulate 2J = 16 interacting spins 1/2. We probe the system microscopically using single magnetic sublevel resolution, giving access to the spin projection parity, which is the collective observable characterizing the underlying Z2 symmetry. We measure the thermodynamic properties and dynamical response of the system, and study the quantum critical behavior around the transition point. In the ferromagnetic phase, we achieve coherent tunneling between symmetry-broken states, and test the link between symmetry breaking and the appearance of a finite order parameter.
From complex quantum materials such as cuprate superconductors to simple spin models, many-body systems close to a quantum critical point exhibit distinct properties driven by quantum fluctuations [1] . Some features, such as the slowing down of relaxation times, can be probed via macroscopic observables. However, revealing specifically quantum properties, e.g. many-body quantum entanglement [2] , remains challenging. The recent development of highly controlled quantum systems of mesoscopic size, such as ion crystals [3] , ultracold gases [4] , Rydberg atom arrays [5] , or interacting photons [6] , allows for a microscopic characterization of collective quantum properties [7] , e.g. the full density matrix [6] , entanglement entropy [8] or non-local string order [9] . This degree of control could be used to investigate fundamental aspects of quantum phase transitions, such as the link between the breaking of an underlying symmetry and the onset of a non-zero order parameter [10] . This connection cannot be tested in macroscopic systems as superselection rules forbid large-size quantum superpositions [11] , making spontaneous symmetry breaking unavoidable [12] .
In this Letter, we experimentally characterize at the microscopic level the Lipkin-Meshkov-Glick model (LMGm), consisting of N quantum spins with infiniterange Ising interactions in a transverse field. This model is applicable to nuclear systems [13, 14] , largespin molecules [15] , trapped ions [16, 17] or two-mode Bose-Einstein condensates [18] [19] [20] . Our study is based on the equivalence between the electronic spin J = 8 of Dysprosium atoms and a set of N = 16 spins 1/2 symmetric upon exchange [21] , with Ising interactions simulated via a light-induced quadratic Zeeman shift [22] . In the thermodynamic limit (TL), the LMGm exhibits a ferromagnetic phase transition (see Fig. 1 ), characterized by spontaneous breaking of a Z 2 symmetry -the parity of the total z spin projection. We measure a crossover between para-and ferromagnetic behaviors, separated by a quantum critical regime where we observe non-classical behavior and a minimum of the energy gap [23, 24] . A specific asset of our setup is the direct access to the quantum state parity, a collective observable hidden in macroscopic systems. We show that the Z 2 symmetry breaking is directly related to the onset of a non-zero order parameter.
The LMGm is described by the Hamiltonian
Here, σ iu /2 denotes the projection of the spin i along u (1 ≤ i ≤ N ), the factor 1/(N − 1) ensures extensivity of the energy for large N [25] , and we restrict ourselves to ferromagnetic interactions λ > 0. As each spin interacts with the sum of all other spins, classical mean-field theory becomes valid in the TL [23] . The corresponding classical energy functionals, parametrized by the mean spin orientation, are shown in Fig. 1b ,c,d for λ = 0, ω z and 1.5 ω z . They reveal the occurrence of a quantum phase transition between a paramagnetic phase for λ < ω z and a ferromagnetic phase for λ > ω z , for which the system exhibits two degenerate ground states with non-zero order parameter σ 1x = 0. Furthermore, the Z 2 symmetry, associated to the conservation of parity P z = N i=1 σ i,z , is spontaneously broken at the ferromagnetic transition. Introducing the collective spin J = 1 2 i σ i , the Hamiltonian (1) can be recast (up to an overall energy shift ) as
For ferromagnetic interactions, its lowest energy states are permutationally symmetric and their collective spin has the maximal length J = N/2.
In this work, we study the non-linear dynamics of the electronic spin J = 8 of 162 Dy atoms, simulating the collective spin of a ferromagnetic LMGm with N = 16 spins 1/2. We use ultracold samples of 1.3(3) · 10 5 atoms, initially held in an optical dipole trap at a temperature T 1.1(1) µK. The atomic spin is initially polarized in the ground state |−J z , under a magnetic field B = Bẑ with B = 114(1) mG, corresponding to a Larmor frequency ω z = 2π × 198(2) kHz. In this state, the N elementary spins are anti-aligned with the magnetic field, corresponding to a paramagnetic state. We then switch off the trap before applying an off-resonant laser beam close to the 626-nm optical resonance, linearly polarized along x, resulting in a quadratic Zeeman light shift ∝ J 2 x [22] . After a typical evolution time t ∼ 100 µs, we switch off the light beam, apply time-dependent magnetic fields to perform arbitrary spin rotations, before making a projection measurement along z. Combining rotation and projection gives us access to the spin projection probabilities, Π m (n) (−J ≤ m ≤ J), along any directionn [26] .
We first investigate the properties of the ground state of the LMGm. We start with all atoms in the state |−J z , which is the (paramagnetic) ground state for λ = 0. We then slowly ramp the light coupling from zero up to a final value λ, using a linear ramp of speedλ 0.015 ω 2 z , for which we expect quasi-adiabatic evolution [27] . The measured spin projection probabilities Π m (n) (n =x,ŷ,ẑ) are shown in Fig. 2a ,c,e. We first consider the occurrence of a ferromagnetic ground state, that would exhibit a non-zero order parameter σ 1x . We show in Fig. 2a the single-shot projections Π m (x) measured for various couplings λ. For small λ, we find a single-peak distribution centered on 0, consistent with the state |−J z projected alongx. For λ ω z , we observe a bifurcation towards a double-peak distribution, consistent with population of the two broken-symmetry states, each with an order parameter σ 1x = 0. As the distributions remain globally symmetric, the system does not seem to choose a single broken state. Our measurement being averaged over many atoms, we cannot exclude a situation with almost half of the atoms in each broken state, e.g. organized in unresolved spin domains. This scenario is invalidated by a direct measurement of the mean parity p z ≡ P z , that remains close to unity for all interaction strengths (see Fig. 2f ). Such an absence of spontaneous symmetry breaking is, in fact, expected for a finite-size system, whose ground state remains non-degenerate, as discussed later in this Letter.
We now characterize the thermodynamic properties that are independent of the symmetry breaking itself. We probe ferromagnetic spin correlations, i.e. the relative alignment between spins alongx quantified by the correlator M 2 ≡ σ 1x σ 2x [23] . We compute it from the second moment of the measured probabilities Π m (x), using N + N (N − 1) σ 1n σ 2n = 4 J Fig. 2b , the measurements agree well with the LMGm. The smooth increase of M 2 as a function of λ is consistent with a crossover between para-and ferromagnetic behaviors.
We also investigated signatures of the phase transition in our finite-size system. First, we measure an increase of fluctuations of the ferromagnetic correlator
2 )] 2 around the critical point λ = ω z (see inset of Fig. 2b ) -a generic feature of continuous phase transitions [29] . More importantly, quantum phase transitions are also associated with the onset of entanglement in the critical region [1] . A priori, probing quantum entanglement requires partitioning the electronic spin J, which is forbidden at low energy, but could, in principle, be achieved using coherent optical transitions J → J [30, 31] . Yet, we can indirectly probe entanglement in our system via spin projection correlations. Indeed, separable states which are symmetric upon exchange satisfy σ 1n σ 2n = σ 1n 2 for all projection directionsn, and thus can only exhibit positive correlators [28, 32] . As shown in Fig. 2c,d , we measure the correlator σ 1y σ 2y and show that it assumes negative values in a broad range of interaction strengths [33], consistent with quantum entanglement and suggesting that the phase transition is driven by quantum (rather than thermal) fluctuations [2, 34] .
We now characterize more closely the region around the transition point, where the phase transition singularity is smoothened into a quantum critical behavior. We focus on the variation of the ferromagnetic correlator M 2 with the coupling λ (see Fig. 2b ). Our measurements are close to mean-field theory -valid in the TL -for most values of λ, except around λ = ω z [27, 35] . In the critical regime, the leading finite-size correction can be simply formulated, as the quantum ground state remains close to the coherent state |−J z , such that the operators J x and J y are almost canonically conjugated variables, with [J x , J y ] = iJ z −iJ [36] . This approximation leads to a low-energy 'critical' Hamiltonian [27, 37] 
describing the dynamics of a massive particle in a harmonic plus quartic potential, where = J 2/3 (λ/ω z − 1),
This description matches the textbook Landau picture of a second-order phase transition, evolving from single-to double-well potentials when crossing the critical point = 0 [10] . As plotted in Fig. 2b , the universal Hamiltonian (3) is sufficient to account well for the measured deviations to the TL around λ = ω z [38] .
We now extend our study to the dynamics of the system by measuring the energy gap of low-lying excitations. Due to the Z 2 parity symmetry of the LMGm, the eigenstates can be divided into two sectors of even and odd parity. The low-energy dynamics is then governed by two energy gaps, namely the 'parity' gap δ between opposite-parity ground states and the 'dynamical' gap ∆ between the lowest two energy levels of even parity. In the effective potential picture, these gaps correspond to the oscillation frequencies of the dipole (δ) and breathing (∆) modes. To excite the breathing mode for a given coupling λ, we simply increase the ramp speedλ used for the state preparation, leading to diabatic population of the first excited state of even parity, while keeping the higher states almost unpopulated. We then measure the time evolution of the second moment σ 1x σ 2x , and extract its oscillation frequency ∆ (see Fig. 3b ). To excite the dipole mode, we first prepare the ground state for a given coupling λ, and apply a parity-breaking perturbation using a pulse of magnetic field along x of duration t 3 µs, coupling the ground state to the odd parity sector. The amplitude is chosen small enough to only populate the even-and odd-parity ground states, and the first moment σ 1x oscillation frequency, δ, is extracted (see Fig. 3c ).
The measured parity and dynamical gaps, reported in Fig. 3a , agree well with the LMGm. The dynamical gap ∆ exhibits a minimum around the critical point, reminiscent of the closing of the gap in the TL at the phase transition point. The parity gap δ decreases when increasing the coupling λ. In the paramagnetic phase λ 0.5 ω z , the dynamical gap ∆ remains about twice the parity gap δ, consistent with a picture of non-interacting excitation quanta [24, 36] . At the critical point, the measured dynamical gap ∆ = 0.91(5) ω z significantly exceeds twice the parity gap δ = 0.33(1) ω z , as expected from particle dynamics in a quartic potential (see the critical Hamiltonian (3) for = 0). This non-harmonic behavior illustrates the generic behavior of quantum critical systems, whose low-energy spectra cannot be simply reduced to non-interacting excitation quanta [1] . The gap value for λ = ω z is also consistent with the leading finite-size correction to mean field ∆/ω z 1.78/J 1/3 = 0.89, valid for J 1 [23, 39, 40] . We now focus on the dipole oscillation measurements in the ferromagnetic phase. In Fig. 4a we plot the parity gap variation on a logarithmic scale, showing a fast decrease for λ ω z . The even-and odd-parity ground states thus become almost degenerate in the ferromagnetic phase, a behavior reminiscent of the exact double degeneracy expected in the TL for λ > ω z . We show in Fig. 4b ,c the time evolution of the probability distributions Π m (x) during the dipole oscillation, in the paramagnetic (b) and ferromagnetic (c) phases. In the paramagnetic phase the distributions always exhibit a single peak, whose center smoothly oscillates around zero. On the contrary, in the ferromagnetic phase the distributions exhibit two peaks at positive/negative large-|m| values, and the dynamics consists in an oscillation between the peak weights, without significantly populating small-|m| states. This qualitatively different behavior is well illustrated by the evolution of the most probable projection m * , which only takes two possible values m * = ±6 during the evolution shown in Fig. 4c . These maximal projection values are close to the collective spin projections J x = ±5.4(5) of the two mean-field broken-symmetry states for λ = 1.36(2) ω z . Such a dynamics can be interpreted as a 'macroscopic' quantum tunneling regime between broken states -a phenomenon studied extensively in large-spin molecules [15, [41] [42] [43] and SQUID systems [44] [45] [46] . Deep in the ferromagnetic phase, the dipole frequencies are consistent with the semi-classical theory of quantum tunneling [47] [48] [49] . In the limit λ ω z , perturbation theory provides a simple picture of this behavior: the two broken states |±J x being coupled by the z field via a 2J-order process lead to a high power-law scaling δ/ω z ∝ (ω z /λ) 2J−1 . For values λ 1.5 ω z , the oscillation contrast decreases and the measured frequency deviates from theory, which we attribute to residual magnetic field fluctuations along x (r.m.s. width σ B = 0.4 mG), inducing an offset between the two wells that exceeds the tunnel coupling.
We finally investigate the controlled breaking of parity symmetry by a static magnetic field applied along x, which adds a Zeeman coupling − ω x J x mixing the two parity sectors. As shown in Fig. 4 , this field simultaneously induces a finite order parameter σ 1x and a reduction of the mean parity p z . For large fields, the order parameter reaches a plateau consistent with the mean-field prediction σ 1x = sgn(ω x ) 1 − (ω z /λ) 2 . This behavior coincides with a cancellation of the mean parity p z , illustrating the direct link between broken symmetry and non-zero order parameter [27] . Besides the controlled symmetry breaking discussed above, spontaneous symmetry breaking also occurs in our system when preparing the ground state in the ferromagnetic phase, using very slow ramps of the light couplingλ 10 −3 ω 2 z . We find that the sign of the spontaneous order parameter σ 1x is directly related to the sign of the shot-to-shot magnetic field fluctuation, which is independently recorded. However, we found no signature of more complex symmetrybreaking mechanisms, e.g. induced by spin-dependent interactions between different atoms, as we did not observe a significant reduction of parity when increasing the atomic density (up to ∼ 10 14 cm −3 ). In conclusion, we studied the ground state and lowenergy spectrum of the LMGm via the non-linear dynamics of the J = 8 electronic spin of 162 Dy atoms, observing a minimum of the energy gap around the transition point. A possible extension of this study would be the non-adiabatic crossing of the critical point, a problem related to quantum annealing [50] and Kibble-Zurek mechanism -whose relevance for infinitely coordinated systems is debated [51] [52] [53] [54] [55] . In the ferromagnetic phase we have demonstrated the production of coherent superposition of broken-symmetry states [56] , which could be used for quantum-enhanced metrology [57] . Our system is also well suited to investigate various spontaneous symmetry breaking mechanisms at the microscopic level and their connection to decoherence [58, 59] .
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Supplementary Material
Probing quantum criticality and symmetry breaking at the microscopic level 
ADIABATICITY REQUIREMENTS
In order to evaluate the adiabatic character of the ramp used to prepare the ground state, we simulate the system dynamics by solving the Schrödinger equation numerically with a light coupling increasing at constant speedλ, as performed, to good approximation, in our experiment. As shown in Fig. S.1 we find that the calculated ferromagnetic correlator M 2 = σ 1x σ 2x significantly deviates from the ground state value for ramp speedsλ 0.05 ω 2 z . For the ramp speedλ = 0.015 ω 2 z used to prepare the ground state in our experiment, we numerically find that the correlator M 2 is practically indistinguishable from the ground-state value, such that the ramp can be considered adiabatic. 
EIGENSTATE SPECTROSCOPY
We present here a spectroscopy of excited states of the LMGm that goes beyond the measurement of the frequency gaps δ and ∆ discussed in the main text. The spectroscopy is based on the controlled excitation of the system to a state populating several eigenstates, such that the time evolution of the second moment J 2 x exhibits oscillation frequencies corresponding to the energy spacing between populated levels. Starting with all atoms polarized in |m = −J z and in the absence of the light beam, we quench the light intensity to induce a coupling λ exc for a duration t exc . We then quench to λ = ω z and let the system evolve for a duration t. We measure the second moment J 2 x for variable durations 0 < t < 100 µs and apply a Fourier transform to the oscillation. The energy levels E n are labelled in increasing order by an integer 0 ≤ n ≤ 2J, whose parity reflects the quantum state parity. We relate the measured oscillation frequencies to the spacings ∆ m,n ≡ (E n − E m )/ . As the perturbation preserves parity, only even-parity states should be excited.
We show in Fig. S.2a-d two examples of evolutions of the second moment J 2 x at the critical point λ = ω z , together with their corresponding Fourier spectra. Fig. S .2a corresponds to a weak excitation, such that the system mostly populates the first two even-parity states, leading to an almost harmonic evolution of frequency ∆ 0,2 . Fig. S .2b corresponds to a stronger excitation with mainly two harmonics whose frequencies are consistent with the spacings ∆ 2,4 and ∆ 4, 6 . We decrease the background noise level by applying a Gaussian filter of r.m.s. width 0.5 ω z , centered on the most intense Fourier frequency. We show in Fig. S .3a-d four Fourier spectra corresponding to different excitations, which are combined to a final spectrum shown in Fig. S.3e .
Such spectra were measured for various interaction strengths λ/ω z = 0.5, 1 and 3.8 (see Figs. S.4a,b,c) and we identify the spacings ∆ n,n+2 (n ≤ 8) by comparison with the LMGm (see Fig. S.5) . Hereafter, we interpret these spectra in terms of particle motion in effective po- tentials [1] . In the paramagnetic phase (λ = 0.5 ω z ), the measured spacings remain close to each other, corresponding to an almost harmonic trap [2, 3] (see Fig. S.4a ). At the critical point λ = ω z , the successive spacings ∆ n,n+2 increase with n more significantly (see Fig. S.4b) , as expected for a particle evolving in the purely quartic potential (see the critical Hamiltonian (3) in the main text with = 0) [4, 5] . This non-harmonic behavior illustrates the generic property of quantum critical systems, whose low-energy spectra cannot be simply reduced to non-interacting excitation quanta [6] . Deep in the ferromagnetic phase (λ = 3.8 ω z , Fig. S.4c ), the spacings are not ordered monotonically and exhibit a minimum between the 6 th and 8 th levels (see also Fig.S.5 ). To explain this behavior, we notice that these energy levels are close to the tip of the corresponding double-well potential (see right panel of Fig. S.4c ). Our observations are reminiscent of the divergence of the density of states at the tip of a macroscopic double-well potential [5] , expressing the occurrence of an excited-state quantum phase transition in the TL [5, 7] . Measured frequency spacings (markers) compared to the LMGm (solid lines). Data sets #1, #2, #3 correspond to interaction strengths λ/ωz = 0.50(2) (circles), 1.00(2) (diamonds) and 3.8(1) (squares), respectively. Set #4 (crosses) correspond to the frequency gap ∆ shown in Fig. 3a of the main text.
SYMMETRY BREAKING AND MAGNETIC SUSCEPTIBILITY
In the thermodynamic limit, the LMGm exhibits a ferromagnetic phase at λ > ω z , with non-zero orderparameter and a broken Z 2 symmetry, due to the presence of two degenerate ground state of opposite parity P z . For finite size systems, the degeneracy is lifted and the transition is smoothened. The presence of a magnetic field along x with an amplitude comparable to the energy difference between the two lowest states of opposite par- ity δ is then required to break the symmetry. The effective two-well potential provides a visual understanding. The presence of a transverse field along x, with amplitude ω x δ, tilts the double well and mixes both states leading to a parity loss (see Fig. S.6a, inset) . The wavefunction simultaneously localises in the lower well, and the order parameter acquires a non-zero value. This is consistent with the results shown in Fig. S.7(a,  b) where the correlation between the appearance of a non-zero order-parameter and a parity loss, as a function of ω x , is revealed. The small negative parity values shown in Fig. S .7b are consistent with our finite ramp speedλ = 0.015 ω 2 z . Experimentally, the populations are extracted from a projective Stern-Gerlach experiment in the presence of a bias field pointing along a directionû = {ω x , 0, ω z } / ω 2 x + ω 2 z . For |ω x | ω z , the orderparameter and susceptibility alongû are given by σ 1x û = σ 1x − ω x /ω z σ 1z and χû = χ − σ 1z /ω z respectively. The value of σ 1z is independently measured and both order-parameter and susceptibility recovered as a function of ω x (see Fig.S.7(a, c) ).
In this two-level effective model, the order parameter obeys the relation
where a is a free parameter proportional to δ and σ 1x sat the saturated value of the order parameter. This ansatz matches our data well for λ > 1.2 ω z (see Fig. S.7a) , and allows us to recover the dependence of σ 1x sat on λ, which is in good agreement with the meanfield prediction (see Fig. S.7d) . This two-level approximation becomes inaccurate for λ 1.2 ω z , since the parity gap becomes comparable to the energy scale of higher energy levels. The susceptibility χ = d σ 1 x /dω x | ωx=0 quantifies the response of the system to the presence of a vanishing magnetic field, and diverges at the phase transition in the TL. We show in Fig. S.7c the susceptibility χ as a function of λ. Although our experimental results are in good agreement with the LMGm in the paramagnetic phase we observe an enhanced deviation as a function of λ. This is attributed to the presence of magnetic field fluctuations, which for λ > 1.5 ω z are comparable to the parity gap δ.
CLASSICAL MEAN-FIELD THEORY
The Hamiltonian describing the LMGm can be written as
The spin i is thus subjected to an external z field and to an x field proportional to the mean spin projection along x of all other spins. The LMGm can thus be viewed as a 'quantum mean field' model.
The classical mean-field approximation consists in neglecting the fluctuations of the mean field acting on each spin, via the replacement We confirm this behavior by calculating the ferromagnetic correlator M 2 in the ground state of the LMGm, critical Hamiltonian and critical Hamiltonian plus additional expansion terms, for J = 8 and J = 80. As shown in Fig. S.8 , the critical Hamiltonian deviates from the LMGm for λ 1.2 ω z , in agreement with (S.27).
